The cysteine-rich transmembrane module (CYSTM) is comprised of a small molecular protein family that is found in a diversity of tail-anchored membrane proteins across eukaryotes. This protein family belongs to novel uncharacteristic non-secreted cysteine-rich peptides (NCRPs) according to their conserved domain and small molecular weight, and genome-wide analysis of this family has not yet been undertaken in plants. In this study, 13 CYSTM genes were identified and located on five chromosomes with diverse densities in Arabidopsis thaliana. The CYSTM proteins could be classified into four subgroups based on domain similarity and phylogenetic topology. Encouragingly, the CYSTM members were expressed in at least one of the tested tissues and dramatically responded to various abiotic stresses, indicating that they played vital roles in diverse developmental processes, especially in stress responses. CYSTM peptides displayed a complex subcellular localization, and most were detected at the plasma membrane and cytoplasm. Of particular interest, CYSTM members could dimerize with themselves or others through the C-terminal domain, and we built a protein-protein interaction map between CYSTM members in Arabidopsis for the first time. In addition, an analysis of CYSTM3 overexpression lines revealed negative regulation for this gene in salt stress responses. We demonstrate that the CYSTM family, as a novel and ubiquitous non-secreted cysteine-rich peptide family, plays a vital role in resistance to abiotic stress. Collectively, our comprehensive analysis of CYSTM members will facilitate future functional studies of the small peptides.
Introduction
As they have a sessile lifestyle, plants face a multitude of environmental stresses, including salinity, drought, heavy metals, UV radiation, high or low temperatures and microbial infections. Throughout evolutionary history, plants have evolved complex signaling networks to sense environmental signals and adapt themselves to environmental stresses (Raghavendra et al. 2010 , Pitzschke et al. 2014 . For example, plants have relied on a variety of long-(plant hormones) and short-range (peptides and membrane proteins) cell-cell communication mechanisms to co-ordinate their growth and development (De Smet et al. 2009 , Wolters and Jurgens 2009 , Marshall et al. 2011 . In general, stresses are perceived at the cell boundary; the proteins or peptides on the membrane represent an important interface for cell-cell communication and ionic exchange, subsequently transducing signals to the cell body (Osakabe et al. 2013, Higashiyama and Takeuchi 2015) . Stress activates a number of genes encoding proteins or enzymes that confer stress tolerance, which finally results in cytoplasmic molecular, biochemical, physiological and morphological adaptations that culminate in a whole-plant response (Gechev et al. 2006 , Hua et al. 2006 , Salleh et al. 2012 . The cysteine-rich transmembrane module (CYSTM) family is speculated to be a stress-related poorly characterized tail-anchored family that is conserved in eukaryotess even in humans, of of which a few members have been reported to have feasible functions in stress responses (Venancio and Aravind 2010, Andreeva et al. 2017) .
Based on the feature of enrichment in cysteine residues, the intriguing CYSTM family can be identified as a new member of the cysteine-rich proteins. Cysteine-rich proteins are vital, widely existing eukaryotic regulatory modules that play key roles in mammalian and plant defenses, signaling transduction and host-parasite interactions (Silverstein et al. 2007 , Kuramata et al. 2009 , Marshall et al. 2011 . CYSTM members are small peptides according to their small molecular weight. Small peptides are distinguished from proteins merely on the basis of the number of amino acid residues present, and the standardized nomenclature has suggested that molecules smaller than 10 kDa should be referred to as peptides (Farrokhi et al. 2008) . In the last 20 years, small peptides, as the most fascinating area, have been shown to be involved in diverse aspects of plant and mammalian, even human, growth and development (Murphy et al. 2012 , Marmiroli and Maestri 2014 , Payre and Desplan 2016 , Hines 2017 . Encouragingly, current findings have shown that human minimal self-peptides can avoid phagocytes and thereby enhance the delivery of therapeutics and imaging agents (Rodriguez et al. 2013) . Small peptides largely fall into two groups, secreted extracellular peptides and non-secreted intracellular peptides. The majority of secreted extracellular peptides further split into two broad groups: C-terminally encoded secreted peptides (CEPs) and cysteine-rich secreted peptide (CRPs) (Roberts et al. 2013) . CEPs are expressed as longer precursor proteins and require subsequent post-translational modification and cleavage to form an active, mature peptide <20 amino acids in length (Ohyama et al. 2008 , Roberts et al. 2013 . Previously, the CEP family acts as a root-derived ascending nitrogen (N) demand signal to the shoot, in which its perception by CEP receptors (CEPRs) leads to transduction of a shoot-derived descending signal to the roots that up-regulates nitrate transporter genes to adapt to fluctuations in local N availability (De Smet et al. 2009 ). CRPs are characterized by a class of typical mature peptides with a length of < 160 amino acids with a cysteine-rich Cterminal domain and a conserved N-terminal region that contains a secretion peptide signal (Roberts et al. 2013) . Recently, the CRPs, as small peptides, have been shown to be involved in a wide range of cellular biological processes, including mammalian and plant defenses, stress response, development and reproduction, and cell-cell communication (Schweizer 2008 , Marshall et al. 2011 , Ostrowski and Kowalczyk 2015 . Moreover, non-secreted peptides are mainly divided into transmembrane peptides and intracellular peptides. Transmembrane peptides participate in cell-cell communication, mediate the membrane architecture and function as new pharmacological tools, whereas intracellular peptides modulate the protein network and function as natural regulators of cell signaling in mammals and plants (Bennasroune et al. 2004 , Li et al. 2006 , Cunha et al. 2008 , Bordag and Keller 2010 , Russo et al. 2012 . At present, the use of transmembrane peptides in molecular medicine is a very hot area in the pharmacological field because they play regulatory roles by mimicking multidrug transporter proteins and act as antagonists to block drug efflux selectively (Maurya et al. 2013) .
The CYSTM family in eukaryotes encode peptides that have a typical mature peptide length of < 80 amino acids with a cysteine-rich C-terminal domain. They contain an N-terminal cytoplasmic element instead of a conserved N-terminal secretion peptide signal region compared with the well-studied CRPs, indicating that they exert an intracellular unique function. Based on the above features, the CYSTM family may be hitherto uncharacterized non-secreted cysteine-rich peptides (NCRPs) in eukaryotes. The CYSTM family exists in eukaryotes, even in humans, but only a very small portion of this family have been functionally characterized in previous studies. In yeast, UV-induced protein 15 (Uvi15) is induced by heat shock and chemical stressors, whereas YDL012C, YDR210W and YBR016W are together involved in resistance against a diverse set of deleterious substances (Lee et al. 1995 , Smith et al. 1999 . The Arabidopsis thaliana pathogen and circadian controlled 1 (PCC1) gene was originally identified as a Pseudomonas syringae-induced gene with a circadian-controlled expression pattern (Sauerbrunn and Schlaich 2004) , and cadmium tolerance 1 (CDT1) is shown to confer tolerance to heavy metals in Digitaria ciliaris and Oryza sativa (Kuramata et al. 2009 ). Thus, several CYSTM members appear to have a possible role in stress responses consistently across eukaryotes, implying that it may be a general function of the whole family.
Nevertheless, genome-wide identification of this family has not been established in plants. This scarcity of information presents a bottleneck to investigating the CYSTM family in eukaryotes. In our study, a systematic analysis of the Arabidopsis CYSTM family was carried out for the first time. First, the phylogenetic results and domain analysis showed that the CYSTM family contained 13 members and was conserved throughout land plants. Secondly, an analysis of promoter response elements and the expression pattern of CYSTM members revealed remarkable responses to different abiotic stresses. Thirdly, altering the expression level of CYSTM3 resulted in dramatic growth and developmental phenotypes under salt stress. Moreover, we demonstrated that CYSTM members could form dimers in plants, which revealed a previously unknown mechanism for the novel and widely distributed NCRPs in plants in response to various abiotic stresses.
Results

Identification, chromosome location and promoter analysis of CYSTM members in Arabidopsis
To perform a comprehensive and detailed analysis of the CYSTM family in Arabidopsis, the complement of gene loci was first examined. We chose bioinformatics methods to gather large amounts of information about this family. We used blast searches and filtered for proteins with a cysteinerich transmembrane domain, and the resulting sequences were confirmed with the ClustalX tools. With this strategy, we identified 13 individual gene loci overall that could encode putative CYSTM genes in Arabidopsis, which were mapped on all five chromosomes with diverse densities (Fig. 1A) . As the newly identified genes in plants had no standard annotation, we carried out phylogenetic analyses and designated an annotation for each of them in Arabidopsis based on information about the genome's location (Supplementary Table S1 ). Moreover, two small gene clusters were identified in the CYSTM family in accordance with the definition of gene clusters (Holub 2001) . The first gene cluster contained three tandemly duplicated genes (CYSTM4, CYSTM5 and CYSTM6) that were distributed on chromosome 2, and the other cluster on chromosome 3 contained two genes (CYSTM8 and CYSTM9) (Fig. 1A) . These members might be derived from chromosomal segment duplication, and subsequent environmental selective pressure generated the gene divergence. Gene duplications play essential roles in providing the raw material for the evolution of the species (Freeling 2009 ). To explore whether Darwinian selection pressure acted on CYSTM gene divergence after duplication, the substitution rate ratios of non-synonymous (dN or Ka) vs. synonymous (dS or Ks) mutations (dN/dS or Ka/Ks) were calculated to analyze the 65 paralogous pairs. Generally, Ka/Ks = 1 indicates neutral selection, Ka/Ks <1 reveals functional constraint with negative or purifying selection of the genes, and Ka/ Ks >1 indicates accelerated evolution with positive selection. In this study, the Ka/Ks ratios from most of the segmental duplication pairs were <1 (Supplementary Table S3 ). In particular, the values of Ka/Ks for the two duplicated orthologous gene pairs were all <1, which indicated that the CYSTM gene family have mainly experienced strong purifying selection rather than divergence from each other after the segmental duplications. The 11 orthologous gene pairs showed Ka/Ks ratios > 1, suggesting that the environmental pressure might be involved in positively selecting some members in the CYSTM family.
The 1,500 bp promoter regions of CYSTMs were isolated to analyze expression patterns in response to multiple stresses by the database search program Plant-CARE (Fig. 1C) . Many response elements for abiotic and biotic stress, growth and development, and light response were predicted and analyzed. CYSTM members contained various abiotic stress response elements: ABRE (ABA response element), DRE/MBS (drought response element), GT1 (GAAAA, salt stress response element), HSE (heat stress response element) and LTR (low-temperature response element). Moreover, biotic stress response elements including TC-rich repeats (cis-acting elements involved in defense and stress responsiveness), Wun motif (wound response element), TCA element (salicylic acid response element), TGACG /CGTCA (jasmonic acid response element) and BOX-W1 (fungal elicitor-responsive element) were also discovered in some CYSTM members. These results suggest that CYSTM may play vital roles in the response to environmental stresses. The open reading frame (ORF) of CYSTM genes ranged from 150 bp (CYSTM2) to 375 bp (CYSTM10), with an average ORF length of 232 bp. The length of the measured CYSTMs ranged from 49 (CYSTM2) to 124 (CYSTM10) amino acids, with an average of 76 amino acids, which was consistent with the normal size of small peptides (Supplementary Table S1 ). As a small molecular weight protein family, the number of exons was usually two or three, and there were three exons in most of the CYSTM members both in Arabidopsis and in other land plants (Glycine max, Zea mays and Oryza sativa) ( Fig. 1B; Supplementary Fig. S1 ). Taken together, CYSTM members, novel small peptides, are encoded by a gene family with a simple gene structure.
Phylogenetic relationship of CYSTM family members
Unrooted phylogenetic trees were produced by aligning the fulllength protein sequences of all CYSTM proteins from different plants, and from two (Carica papaya and Physcomitrella patens) to 21 (Glycine max) members existed in various species ( Fig. 2A ; Supplementary Excel S1). The widely found uncharacteristic gene family may play vital roles in plant growth and development, as previously reported (Colcombet and Hirt 2008, Sazegari et al. 2015) . Moreover, all CYSTM genes were divided into four clades based on a phylogenetic and sequence alignment analysis, which is shown in Fig. 2B and Supplementary Table S2. Clade I was divided into two subgroups, clade II was divided into four subgroups and clade IV was divided into three subgroups. Monocotyledons such as O. sativa and dicotyledons such as Arabidopsis had genes in each CYSTM subfamily which were found to be more closely related to each other than to the other genes of the same species from a different subfamily, suggesting that an ancestral set of CYSTM genes defining each subfamily already existed before the monocot-eudicot divergence ( Supplementary Fig. S3A ).
To delve into the function of the uncharacterized gene family, we carried out conserved domain analyses on different CYSTM proteins from Arabidopsis and sequenced genomes of different species ( Supplementary Figs. S2, S3C ). The typical conserved motifs among CYSTM members were found in 35 species and the C-terminal cysteine-rich motif GC(L/ C)AALCXCCCXCW formed a conserved signature of the family ( Fig. 2C; Supplementary Fig. S3B ). Of these, six cysteines occurred consecutively to constitute a conserved cysteine patch in the C-terminal transmembrane domain, which was a typical hallmark of the CYSTM family. Nevertheless, the conservation of specific cysteine residues inside a transmembrane domain in CYSTM proteins, rather than an overall conservation of hydrophobic character, was atypical of membrane proteins, which might lead to their special function and localization (Fig. 2C) . Moreover, some localized conserved regions were also found in the alignment, such as a previously reported cytoplasmic element in the N-terminal region, which might have led to their mainly intracellular localization (Supplementary Figs. S2, S3C) . Based on the above results, CYSTMs can be defined as NCRPs, which has not been explained previously. Taken together, these data indicate that CYSTMs, as a new class of NCRPs with a conserved cysteine-rich C-terminal transmembrane helix, are highly conserved and widely exist in land plants.
Expression pattern of CYSTM genes in Arabidopsis
To determine the expression pattern of CYSTM genes for investigating the potential function in Arabidopsis, quantificational real-time polymerase chain reaction (qRT-PCR) was performed by using root, stem, silique, flower, cauline leaf and rosette leaf tissues. The results showed that except for CYSTM7 and CYSTM10, which had tissue-specific expression patterns, the CYSTM genes exhibited a broad and constant expression pattern, indicating a general function in plant growth and development (Fig. 3) . Moreover, CYSTM4, CYSTM5 and CYSTM6 in the same gene cluster had a similar expression pattern, with genes more highly expressed in root, stem, rosette leaf and silique than in flower and cauline leaf tissues ( Fig. 3D-F) . The expression levels of CYSTM1 and CYSTM12 were similarly and primarily in silique, flower and root; CYSTM9 and CYSTM13 were highly expressed in root and flower; CYSTM3 was found preferentially in leaf and flower, whereas expression of CYSTM2 and CYSTM11 was high in all tissues except for root (Fig. 3) . The different expression levels in various tissues and stages imply various physiological and developmental functions of CYSTM members in Arabidopsis.
To investigate further the roles of CYSTM in plant stress responses, qRT-PCR analysis was performed using RNA extracted from the shoots and roots of Arabidopsis seedlings with different abiotic stress treatments (Fig. 4) . Among them, the transcription of CYSTM4, CYSTM5 and CYSTM6 was similar and clearly suppressed by heat in the shoot, whereas their transcription was induced in the root. Moreover, the three cluster members were dramatically induced by cold, polyethylene glycol (PEG) and salt in the root and shoot ( Fig. 4C-E ). CYSTM2 and CYSTM3 were up-regulated by salt, cold and drought treatments (Fig. 4A, B) . In addition, CYSTM7 was significantly up-regulated by heat, drought and salt stresses (Fig. 4F) . Interestingly, heat stress could induce a remarkable increase in mRNA levels of CYSTM11, while CYSTM1 was only noticeably induced by drought and oxidation stress, indicating a special abiotic stress response function (Fig. 4G, H) . Although expressed to a lower extent, CYSTM8, CYSTM9 and CYSTM10 were also shown to exhibit an indispensable function in plants. However, CYSTM12 and CYSTM13 were only slightly influenced by these stresses (Supplementary Fig. S6 ).
To extract information about the relative abundance of transcripts in Arabidopsis, O. sativa, Z. mays and G. max CYSTM members, we conducted analyses in Genevestigator. We found that most of the CYSTM members exhibited high expression levels in more than one selected tissue and responded extensively to various abiotic stresses in land plants ( Supplementary Figs. S4, S5 ). All in all, these findings suggest that the CYSTM family, as newly discovered small peptides, plays multiple roles in plant growth and development, especially in response to abiotic stresses.
Subcellular localization of CYSTM proteins in Arabidopsis
The subcellular localization of the CYSTM proteins was assessed with a transient expression assay in Nicotiana benthamiana leaves to provide insights into their biological functions. As shown in Fig. 5B , the 35S::CYSTM8-GFP plasmid exhibited fluorescence only in the nucleus, whereas CYSTM7 and -13 showed fluorescence on the plasma membrane (Fig. 5C) . Moreover, CYSTM1, -2, -5 and -9 were localized in both the cytoplasm and nucleus, and CYSTM3, -4, -6, -10, -11 and -12 were primarily observed at the cell boundary and in the cytoplasm (Fig. 5D, E) . Taken together, CYSTM proteins localize to various compartments rather than being only anchored on the membrane as previous research has reported, which may be due to the conserved cysteines existing in the C-terminus of CYSTM peptides (Venancio and Aravind 2010) .
CYSTMs functioned as homodimers or heterodimers in Arabidopsis
To test the possible function in cell signaling transduction between CYSTM peptides, the mating-based split ubiquitin system (mbSUS) was used (Obrdlik et al. 2004 ). CYSTM7 and CYSTM13 were selected as bait for further interaction analysis according to the subcellular location and the fused Cub assay analysis, which showed specific expression on the plasma membrane ( Fig. 5C; Supplementary Fig. S7A ). A strong interaction was detected between CYSTM7 and CYSTM3, -4, -5, -6, -10, -11 and -13, but a weak interaction with CYSTM1, -2, -7 and -12; CYSTM13 interacted strongly with CYTSM3, -4, -5, -6, -9, -10 and -11, while it interacted weakly with CYSTM1, -2, -7 and -13 ( Fig. 6A; Supplementary Fig. S7B ). Interestingly, CYSTM7 and CYSTM13 could interact with themselves and other CYSTM members to form homodimers or heterodimers on the plasma membrane, which might be crucial in the process of signal transduction through the membrane barrier. Additionally, the interactions were further confirmed by firefly luciferase complementation imaging (LCI) ( Supplementary  Fig. S8A ).
Yeast two-hybrid (Y2H) systems were also applied to detect the interactions between peptides located in the cytoplasm or nucleus. The homodimers of CYSTM6-CYSTM6 and CYSTM12-CYSTM12 were both identified, and heterodimers were also detected in the cytoplasm, in which CYSTM6 interacted with CYSTM4, -11 and -12, and CYSTM12 interacted with CYSTM4 ( Fig. 6B ) (some CYSTM members had self-activation). Not surprisingly, peptides with different subcellular locations could not dimerize with each other (Supplementary Fig. S8B ). The LCI assay showed the same results in vivo ( Fig. 6C;  Supplementary Fig. S8C ). Therefore, we built a possible protein-protein interaction network in Arabidopsis (Fig. 10) . The membrane-localized peptides (CYSTM7 and -13) might be involved in cell-cell communication and cellular signaling by interacting with themselves or other co-localized CYSTMs under abiotic stress conditions. Different CYSTM versions in the cytoplasm or nucleus also interacted with each other, which might act as intermediate signaling molecules to transmit signal to the nucleus and initiate a transcriptional reprogramming (Fig. 10) . The possible mechanism needs to be studied further. Based on these results, we suggest that homodimers or heterodimers may be an indispensable form of 
Deletion analysis of the interaction domains
To determine which domain was involved in the special interaction, truncated peptide regions were detected in the mbSUS assay. We simply separated the peptides into N-and C-terminal domains for further analysis based on the six cysteines that occur consecutively to constitute a conserved cysteine patch in the C-terminus (Fig. 7A) . The cysteine-rich C-terminal domain of CYSTM13 (CYSTM13 C ) was used for further analysis, and the results showed that CYSTM13 C could still interact with the full-length and truncated C-terminal domain of the CYSTM members, whereas the interaction with the N-terminal domain was lost (Fig. 7B-D) . The same results were obtained in the LCI assay (Fig. 7E, F) , indicating that the C-terminal domain was crucial for CYSTM aggregation.
Directed mutations of the cysteines residues of CYSTM3 and CYSTM13 were performed in the mbSUS and LCI experiments to analyze whether the rich cysteines in the C-termini were the main culprits in the interaction. However, the results showed that the conserved cysteines in this family might not be involved in the formation of the dimers (Fig. 8A-C) . Further predictions showed that the CYSTM peptides could form three or four pairs of putative intramolecular disulfide bonds between conserved cysteines ( Fig. 8D-G ; Supplementary   Fig. S9 ). Various studies have emerged to reveal that the cysteine domain is usually involved in protein aggregation or maintenance of the stability of the three-dimensional structure (Pearce et al. 2001 , Meng et al. 2011 . Therefore, we still insist that the conserved cysteines in the CYSTM family have indispensable roles in some fascinating area we have yet to find, for example stabilizing the normal three-dimensional structure of the specific peptides.
CYSTM3 negatively regulates salt stress in Arabidopsis
As CYSTM3 was clearly induced by salt treatment (Fig. 4B) , it led us to investigate whether it could play a vital role in salt stress responses. The transcription levels of CYSTM3 in overexpression lines (OE lines) were examined by reverse transcription polymerase chain reaction (RT-PCR) (Fig. 9B) . The root elongation and cotyledon growth of OE lines were significantly inhibited compared with the wild type in the presence of NaCl (Fig. 9A, C, D) . Then, stronger fluorescence signals were found in the OE lines compared with the wild type when different seedlings were dyed with CoroNa TM Green dye (Fig. 9E, F) , which suggested that CYSTM3 regulated Na + homeostasis in Arabidopsis. Taken together, these results indicate that CYSTM3 functions as a negative regulator in salt responses in Arabidopsis, and we propose that these may be general functions of the whole family in various stress responses. 
Discussion
Peptides are involved in a wide range of cellular physiological processes in eukaryotes, ranging from stress responses, mammalian and plant defense, human biological development and cell-cell signaling transduction (Cuttitta et al. 1985 , Marshall et al. 2011 , Roberts et al. 2013 , Hines 2017 , Li et al. 2017 ). The pivotal roles that peptides play during the eukaryote and even human defense response is one of the focuses of current research and has become increasingly clear, whereas the molecular mechanisms of most small peptides need in-depth studies (Bordag and Keller 2010 , Duan et al. 2011 , Maurya et al. 2013 . A novel conserved and omnipresent module, the CYSTM family, was first discovered by sequence profile analysis, while only a few sequences have been collected (Venancio and Aravind 2010) . Even though CYSTMs share the feature of traditional small peptides with a low molecular weight, the existence of the conserved cysteine-rich C-terminal transmembrane helix and N-terminal cytoplasmic element classifies them as a novel and uncharacteristic non-secreted family, i.e. NCRPs. Previous studies have shown that transmembrane peptides, a class of non-secreted peptides, mainly exert a role in signal transduction via influencing protein-lipid interactions, modulating membrane receptor dimerization or protein interactions (Bennasroune et al. 2004 , Duan et al. 2011 , Ijas et al. 2013 . Another group of non-secreted peptides, natural intracellular peptides, are also modulators of protein interactions and cell signaling transductions (Li et al. 2006 , Cunha et al. 2008 , Russo et al. 2012 . In summary, CYSTM peptides as new non-secreted peptide NCRPs may also play vital roles in membranous or intracellular signaling pathways in the same way as other reported non-secreted peptides.
To date, only a few CYSTM members have been studied in eukaryotes. Uvi15 is dramatically induced by heat shock and chemical stressors (Lee et al. 1995) . CDT1 is shown to confer tolerance to heavy metals in D. ciliaris and O. sativa (Kuramata et al. 2009 ). YDL012C, YDR210W and YBR016W are together involved in resistance against deleterious substances, and YBR056W-A (MNC1) is shown to participate in tolerance to toxic manganese in yeast (Smith et al. 1999, Venancio and Aravind 2010) . The PCC1 gene, identified as a P. syringaeinduced gene, is involved in the ABA signaling pathway, pathogen defense and flower development in Arabidopsis (Sauerbrunn and Schlaich 2004 , Segarra et al. 2010 , Mir et al. 2013 , while PCC1 is the single CYSTM member studied in Arabidopsis, and little is known about the genome-wide information and potential function of the family in this case. Therefore, a comprehensive study of this peptide family is of great importance.
From the genome analysis of 35 plant species, we revealed that the CYSTM family widely exists in land plants ( Fig. 2A) . This uncharacteristic gene family may play vital roles in environmental stress responses just like other well-known widespread families, such as the DREB family, NAC family, MAPK family and CRP family (Colcombet and Hirt 2008 , Schweizer 2008 , Nuruzzaman et al. 2013 , Ostrowski and Kowalczyk 2015 , Sazegari et al. 2015 . To characterize fully the structure and evolution of the CYSTM family and its possible functions in Arabidopsis, genome-wide analysis of CYSTM genes was addressed through four approaches: phylogenetic relationships, expression analysis, subcellular localization and the proteinprotein interaction map between CYSTM peptides. Thirteen members were identified as containing highly conserved C-terminal modules with six cysteines and N-terminal cytoplasmic elements, which were defined as NCRPs in our study (Figs. 1,  2) . Comprehensive promoter analysis and expression pattern analysis both revealed that the majority of the CYSTM genes rapidly responded to multiple abiotic stresses in Arabidopsis and hinted at a possible role in this process (Figs. 1C, 4) . Moreover, CYSTM proteins revealed a complex pattern of distribution at several cellular positions, which exhibited the diverse functions of this family in specialized cell compartments (Fig. 5) . Additionally, tandem duplicated genes in this family were first defined and shown to share high similarity in gene structure, conserved domains and expression patterns in the Arabidopsis genome (Fig. 1A) . Gene duplication plays a significant role in genomic rearrangement and expansion, which is the main contributor to evolutionary momentum (Velasco et al. 2010) . Duplicate genes are maintained due to three distinct outcomes: neofunctionalization, subfunctionalization and conservation of function (Hahn 2009 ). In general, a slow rate of evolution can lead to the generation of preserved gene duplicates, and the proteins that belong to the same complex or to the same pathway also must be duplicated to maintain the normal metabolism (Davis and Petrov 2004, Semon and Wolfe 2007) . A number of encoding genes of transcription factors and proteins participating in signaling transduction are overretained in duplicate after whole-genome duplications (Maere et al. 2005) . Thus, gene duplications in the CYSTM family may be vital and contribute to their potential function in abiotic stress responses or signaling regulation. In this study, the Ka/Ks ratios from most of the segmental duplication pairs were <1 (Supplementary Table S3 ), which indicated that the CYSTM peptide family had mainly experienced strong purifying selection rather than divergence from each other after segmental duplications. A previous study has shown that more conserved genes undergo stronger purifying selection than less conserved genes (Jackson et al. 2015) . The strong purifying selection instead of divergence in CYSTM gene pairs suggests that CYSTM members need to maintain the pre-existing DNA sequence and evolve more slowly with low frequency variants in their evolutionary history.
Previous studies have demonstrated that a conserved cysteine-rich domain may be crucial not only to acquire the full functions of cysteine-rich peptides but also to contribute to protein aggregation or maintenance of structure stability through forming disulfide bonds (Pearce et al. 2001 , Meng et al. 2011 . Highly conserved C-terminal transmembrane helix modules with six cysteines forming a cysteine patch is a hallmark of the CYSTM family, which may confer functional significance for these peptides and set them apart from the other common transmembrane proteins or cysteine-rich peptides (Fig. 2C) . Although significant study has been carried out in discerning the function of cysteine-rich domains, none of cysteines correlated to the transmembrane domain in small peptides have been elucidated. The study of CYSTMs, especially the correlation between cysteines and the transmembrane helix may prove useful in the study of the mechanisms of NCRPs.
Typically, single transmembrane protein modules are poorly conserved across diverse organisms unless they have a specialized function, such as the KASH module in nuclear membrane proteins that regulate microtubule stability and integrin receptor localization during collective cell migration (Fischer et al. 2004 , Myat et al. 2015 . In general, transmembrane proteins or peptides are used as cell-cell communication checkpoints by dimerization to perceive and respond to biotic and abiotic stresses, and subsequently transduce stress signals to the cell (Bennasroune et al. 2004 , Osakabe et al. 2013 , Pitzschke et al. 2014 . Therefore, the highly conserved tail-anchored membrane CYSTMs may play a specialized role in signaling transduction (Fig. 10) . Nevertheless, conservation of specific cysteine residues inside a transmembrane domain in CYSTMs, rather than an overall conservation of hydrophobic characteristics, was atypical of transmembrane proteins or peptides, and separated them from transmembrane proteins or peptides to lead to their multiple cellular locations. Whether the cysteine residues in the transmembrane domain are useful for its transmembrane peptide functions or led to the uniqueness of CYSTM members is of interest. A previous study has shown that the conservation of the cysteine residues Cys163 and Cys285 in transmembrane domains contributes to Cu 2+ resistance and promotes assembly of active urokinase in DipZ (Gordon et al. 2000) . Taken together, the conserved cysteines in the transmembrane domain of CYSTMs may be crucial to acquire the full functions of the small peptides. Fig. 10 An interaction map in different cellular compartments. CYSTM7 and -13 anchored on the plasma membrane could interact with the members located on the plasma membrane or cytoplasm. They might be in the form of a dimer or monomer on the membrane without environmental stresses. Lipids are represented with a yellow tail and green head groups. Three possible signaling transduction pathways are proposed: (1) CYSTM7 and -13 might transduce the intracellular signal as dimers. (2) CYSTM7 and -13 recognize stress signal molecules and, meanwhile, CYSTM4, -6, -11 and -12 might be the intermediate signal molecules of signal transduction. (3) Plasma membrane-localized CYSTM7 and -13 and cytoplasm-localized CYSTM4, -6, -11 and -12 might co-ordinate the signaling process.
By deletion analysis of the CYSTM members using mbSUS, Y2H and LCI, we revealed that the C-terminal domain was the indispensable interaction domain for homodimer and heterodimer formation (Figs. 6, 7) . Moreover, the cysteine resides in the C-terminus were mainly involved in forming intramolecular disulfide bonds to stabilize the small peptide structure rather than intermolecular interaction ( Fig. 8; Supplementary  Fig. S9) . A number of studies proposed that the oligomerization of transmembrane proteins or peptides was either induced or stabilized by ligands or stress as the critical early event that triggers signaling in mammalian and plant cells (Sharpe et al. 2002 , Bennasroune et al. 2004 , Duan et al. 2011 , Zorzatto et al. 2015 . Therefore, the dimers between CYSTM peptides may also be involved in the signaling pathway in Arabidopsis. CYSTM members as NCRPs displayed different intracellular localizations and might perform a specialized function in various cell compartments (Fig. 5) . The membrane-localized peptides (CYSTM7 and -13) may be involved in cell-cell communication and cellular signaling by interacting with themselves or other localized CYSTMs under abiotic stress conditions. The cytoplasm-localized CYSTMs (CYSTM4, -6, -11 and -12) may be involved in cellular signaling by forming homodimers or heterodimers to activate the stress-related signaling pathway. Thus, the construction of a "'CYSTM intercellular-intracellular"' signaling transduction pathway may be a novel signaling pathway participating in the abiotic stress response (Fig. 10) . Therefore, CYSTMs are closely related, but separate from each other to exert various roles in abiotic stress responses.
To investigate the roles of CYSTM peptides in plant, transgenic plants overexpressing CYSTM3 were generated with a salt stress-hypersensitive phenotype compared with the wild type (Fig. 9) . We propose that CYSTM3, a salt stress-induced negative regulator, may be a fine tuner of the salt stress response to avoid excessive stress damage in plants. Previous studies have demonstrated that different abiotic stimuli can generate reactive oxygen species (ROS), signaling or toxic molecules (Mittler et al. 2011 , Gilroy et al. 2014 . Proteins are susceptible to ROS modifications, and cysteines in proteins are more prone to oxidation by ROS to form disulfide bonds (Ahmad et al. 2017 , Krasnikova et al. 2017 ). The CYSTM peptide family which is very rich in cysteines in the C-terminus may be involved in abiotic stress response through forming intramolecular disulfide bonds. Therefore, CYSTM peptides, at least CYSTM3, play various, complicated and indispensable roles in response to abiotic stresses. Although the molecular regulation mechanism is still not clear, this study provides useful information for our understanding of the complex network of CYSTM peptides in plant responses to abiotic stresses.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana seeds of the Columbia (Col-0) background were harvested in optimal growth conditions. The sterile seeds were plated on 1/2 Murashige and Skoog (MS) medium containing 1% (w/v) sucrose and then transferred to a growth chamber with a 16 h light/8 h dark cycle at 22 C. After 14 d, uniformly developed seedlings were selected for stress treatments. For drought, salt or oxidative treatments, seedlings were cultured in 1/2 MS medium containing 20% PEG 6000, 150 mM NaCl or 0.1 mM methylviologen for 0, 1, 6 or 12 h. For heat and cold treatments, seedlings were cultured in 1/2 MS medium at 45 and 4 C, respectively. Then, the roots and leaves were collected and rapidly frozen in liquid nitrogen. Each treatment was repeated three times.
For a further experiment, the seeds of each genotype were plated on 1/2 MS medium. The uniformly developed 3-day-old seedlings that were sown on 1/2 MS medium were transferred to 1/2 MS medium with various concentrations of NaCl (0, 150 and 200 mM). All seedlings were placed vertically in the growth chamber. Root elongation and fresh weight were evaluated in the 2-week-old seedlings.
Identification of CYSTM genes in plants
A search in multiple databases was performed to identify members of the CYSTM gene family. The known CYSTM gene sequences were used as queries to perform the repetitive blast searches against the Phytozome database. Additionally, all sequences of proteins were then used as queries to perform the multiple database searches against proteome and genome files, which were downloaded from the Phytozome database. Stand-alone versions of BLASTP and TBLASTN, which are available from the NCBI (National Center for Biotechnology Information), were used with the e-value cut-off set to 1e-003. All of the protein sequences that were derived from the candidate CYSTM genes were collected and examined by sequence alignment analysis using ClustalX by applying the default cut-off parameter. With the help of Proteomics and tools of sequence analysis on the ExPASy Proteomics Server, the isoelectric points and molecular weights of CYSTMs were obtained. Promoter sequences were obtained from the TAIR database and analyzed by the Plant-CARE Server as in our previous study.
Ka/Ks estimation of duplicated gene
Ka/Ks ratios of duplicated CYSTM genes were calculated using DnaSP software. A sliding window analysis of Ka/Ks ratios was performed with the following parameters: window size, 150 bp; step size, 9 bp. For Ka/Ks estimation of duplicated genes, the gene clusters of CYSTM from Arabidopsis were used. The Ka/ Ks ratio was estimated from each gene pair and the averaged Ka/Ks ratios are given in Supplementary Table S3 .
The phylogenetic analysis of CYSTM proteins in plants CYSTM protein sequences were aligned using the ClustalX program with BLOSUM30 as the protein weight matrix. The MUSCLE program was also used to perform multiple sequence alignments to confirm the ClustalX results. For a preliminary CYSTM protein search, BLASTN and BLASTP searches were performed, using the putative CYSTM sequences from Arabidopsis as seeds to search CYSTM members in land plants in the NCBI sequence database. The retrieved conserved domains of CYSTM proteins were used to construct phylogenetic trees of Arabidopsis and land plants using the Neighbor-Joining (NJ) method of the MEGA5 program using the p-distance and complete deletion option parameters. The reliability of the obtained trees was tested using a bootstrapping method with 1,000 replicates.
Chromosomal location, gene structure and microarray expression of CYSTM genes
The chromosomal locations and the gene structures were downloaded from the TAIR database, and the structures of the CYSTMs were generated with the Gene Structure Display Server. Microarray expression data from various data sets were obtained using Genevestigator with the Arabidopsis (ATH1: 22 k array), O. sativa (OS_51 k: Rice Genome 51 k array), Z. mays (ZM_84 k: Nimblegen Maize 385 k) and G. max (GM_60 k: Soybean Genome Array) Gene Chip platform. Then, the identified helicase-containing gene IDs were used as query sequences to perform searches in the Gene Chip platform of Genevestigator. Then microarray data were made into a database by a Perlbased program, then clustered using Cluster3.0 with Euclidean distances and the hierarchical cluster method of complete linkage clustering. The clustering tree was constructed and viewed in Java Treeview.
Subcellular localization analysis
To construct CYSTM and green fluorescent protein (GFP) fusion proteins, the coding sequences of CYSTM members were amplified and cloned into pPZP211-GFP-3FLAG under the control of a 35S promoter. All GFP-protein fusion constructs were transiently expressed in leaf epidermal cells of 4-weekold N. benthamiana by Agrobacterium tumefaciens-mediated leaf infiltration. Ten pieces of leaf from every experimental group were assessed by laser scanning confocal microscopy, and three biological replications were performed.
qRT-PCR and semi-quantitative RT-PCR analyses
RNA from different parts or tissues of Arabidopsis was isolated using a universal plant total RNA reagent (TRIzol, Invitrogen) following the manufacturer's instructions. qRT-PCR was performed using the SYBR Premix Ex Taq (TAKARA) and a CFX96TM Real-Time PCR Detection System (Bio-Rad). The housekeeping genes Actin7 and UBC21 in Arabidopsis were used as controls. Semi-quantitative RT-PCR was performed at 94 C for 5 min, followed by 25-30 cycles of amplification. The PCR products were separated on a 1.8% agarose gel and visualized after ethidium bromide staining. Three biological replicates were performed. The primers used are listed in Supplementary Table S5 .
Protein-protein interaction assays in yeast
The mbSUS was used as described in a previous study (Obrdlik et al. 2004 ). ORFs of CYSTMs were amplified. For NubG fusions, pNXgate was cleaved with EcoRI/ SmaI, used together with PCR products to transform THY.AP5 and selected on SD media lacking tryptophan (W) and uracil (U). For CubPLV fusions, pMetYCgate was cleaved with PstI/HindIII, used together with PCR products to transform THY.AP4 and selected on SD medium lacking leucine (L). For growth assays, diploid cells were replica-plated on SD medium lacking leucine, tryptophan and uracil (WLU) and medium lacking leucine, tryptophan, uracil, adenine and histidine (WLUAH). Growth was monitored for 3 d.
For the Y2H assay, the ligation of various CYSTM members into the activation domain (AD; pGADT7) and binding domain (BD; pGBKT7) vectors (Clontech) was performed as previously described. BD and AD vectors were co-transformed into the Y2H Gold yeast strain. The interactions between two proteins was conducted using the Matchmaker Gold Yeast Two-Hybrid Library Screening System kit (catalog no. 630489; Clontech).
LCI (firefly luciferase complementation imaging) assay
An LCI assay was performed as previously described, and all of the related constructs were transformed into the A. tumefaciens strain GV3101 (Chen et al. 2008) . Different combinations of A. tumefaciens were infiltrated into different positions in the same leaves of N. benthamiana for 60 h. A total of 0.2 mM luciferin (Promega) was infiltrated into the leaves that had been infiltrated with A. tumefaciens 5 min before detection. Then, luciferase activity was measured with a low-light cooled CCD imaging apparatus (Lumina II).
Directed mutations of the cysteines residues and prediction of disulfide bonds
The CYSTM protein contains six cysteines at specific positions. Single-site and multiple-site mutations into target genes were obtained by PCR using the corresponding primers listed in Supplementary Table S5 . The cysteine residues were mutated into serine residues to obtain different mutations.
The known CYSTM protein sequences were used to perform the threedimensional structure prediction using I-TASSER. The disulfide bonds were predicted by the DIANA 1.1 web server and Predict Protein server using the protein sequences, and drawn using SPDBV.
Na + dying assay
For the Na + dying assay, 7-day-old plants of the wild type and OE lines sown on 1/2 MS medium were transferred to 1/2 MS medium with or without 200 mM NaCl for 48 h. The CoroNa TM Green dye (Life) was used to detect specifically the content of Na + . Seedlings were incubated in Na + dye for 2 h at 37 C. Confocal laser scanning fluorescence microscopy (Zeiss) was used to observe the fluorescence of the root. Ten independent plants were analyzed.
Bioinformatics software and databases
